The ability of helical macrofibers of Bacillus suibtilis to convert from left-to right-handed structures or vice versa has been known to be controlled by the nutritional environment (N. H. Mendelson, Proc. Natl. Acad. Sci. U.S.A., 75:2478-2482, 1978). lyt mutants (Nil5, FJ3, FJ6, and FJ7) and also lyt phenocopies of wild-type strain FJ8 were able to undergo helix hand inversion as a function of temperature. The transition between right-and left-handed structures was in a very narrow range (about 2.5°C) in the low to mid-40°C. The helix orientation of these strains was also influenced by the concentration of divalent ions. Macrofiber handedness is governed, therefore, by at least four factors: genetic composition, temperature, and nutritional and ionic environments. Conditions normally used for growth fall, within this matrix, in the region favoring right-handed structures. Inhibition studies suggest that cell growth must occur for helix hand inversion.
MATERIALS AND METHODS
The B. subtilis 168 strains used in these studies are listed in Table 1 . B. suibtilis macrofibers have been cultured as previously described (4) .
Fluid complex medium (TB) consisted of the following (per liter): tryptose (Difco Laboratories, Detroit, Mich.), 10 g; beef extract (Difco), 3 g; and NaCl, 5 g; supplemented with 20 ,ug of uracil and 20 p.g of methionine per ml. Enriched minimal medium (S1) consisted of the following (per liter): (NH4)2504, 2.0 g; K,HPO4, 14.0 g; KH2PO4, 6 .0 g; sodium citrate * 2H20, 1 .0 g; and MgSO4-7H2O, 0.2 g; plus glucose, 0.5% (wt/vol); casein hydrosylate, 0.2% (wt/ vol); and 20 ,ug of each required growth factor per ml. Penassay broth consisted of 17.5 g of antibiotic medium no. 3 (Difco) per liter. Low-turnover medium consisted of 0.5% (wt/vol) Casamino Acids, 0.5% (wt/ vol) glucose, and 0.01 M potassium phosphate; 100 ml of medium was supplemented with 0.1 ml of a salt mixture containing 25 g of MgSO4-7H20, 100 mg of FeSO4 7H20, 100 mg of ZnSO4 7H20, 10 mg of MnSO4 4H2O, 1 mg of CuSO4 5H20, and 0.2 mg of K2Cr2O7 per 100 ml of water. Thymine and tryptophan were added to final concentrations of 40 and 30 p.g/ml, respectively (3, 4, 8) . When 
RESULTS
Influence of temperature on helix handedness. The change of helix handedness as a function of temperature was examined by seeding either fibers or fragments of fibers of strains Nil5, FJ3, FJ6, and FJ8 grown in TB medium at low temperature into fresh cultures and incubating them at higher temperatures. At low temperature (22°C), somewhat disorganized right-handed helical macrofibers were produced, whereas after 150 min of growth at 45°C, very regular lefthanded structures were observed. Similarly, left-handed macrofibers produced at 45°C and then transferred to low temperature grew into slightly disorganized right-handed structures. These observations indicate that a "temperature switch" for helix orientation must lie between 22 and 45°C and that it can operate either way. Table 2 indicates that the transition temperature Influence of medium on helix handedness. Previous observations on the influence of medium composition on macrofiber orientation (4) have been extended over a wider range of media and temperatures (Table 3) . In S1 or Penassay broth medium only right-handed structures are produced even at temperatures above those at which helix hand transitions occur in TB medium. Nevertheless, helix hand switching may be achieved at high temperature by transferring macrofibers from a medium in which right-hand- ed structures arise to one in which left-hand structures are produced. For example, a righthanded FJ6 structure grown in Si at 45°C will generate left-handed structures when transferred into TB medium at 45°C. The very same transfer to TB at a temperature below the transition, such as 22°C, will not result in helix hand switching. Other strains, such as the RHX mutants described earlier (4), do, however, change hands when transferred from S1 to TB at 22°C. In this case hand orientations are the reverse of those found in FJ6 at 45°C; that is, RHX produces left-handed structures in Si and righthanded ones in TB. Another example of strain specificity is shown in Table 3 . Strain NilS does not switch to left-hand orientation at 45°C in low-turnover medium (6) . Influence of divalent ions on helix handedness. The packing geometry of cells in helical macrofibers, as well as the helix hand orientation of the structure, is strongly dependent upon divalent ion concentration in the medium. Table 4 shows that in TB medium strain FJ6 forms tight and regular fibers of either orientation (determined by the growth temperature and medium) when divalent ion concentrations in the medium are in the range of 10-3 to 10-2 M. At concentrations outside this range, fibers tend to be disorganized and are sometimes not stringent regarding their orientation. For example, at 18°C in TB medium supplemented with 2 x 10-4 M MgCl2, fibers can exhibit both left-and right-hand orientations.
Divalent ion concentration is not only critical for the tightness of macrofibers but in some instances it can also operate the helix hand orientation switch. Fibers of FJ6 in S1 medium at 18°C are left-handed at MgSO4 concentrations of 2 x 10-3 M but become right-handed when grown in the same medium supplemented with 10-1 M ( is illustrated by the fact that in the case of Si minus Mg2+ medium raising the temperature apparently reduces the threshold of magnesium needed to reset the switch.
Growth requirement for change of helix handedness. Transitions from left-to right-hand orientation or vice versa induced by temperature or ionic concentration changes (see Tables 2 and 4) were observed after an incubation period of 2 to 3 h. During this transition phase, which is always accompanied by a change in the sense of rotation of the macrofibers (6), cells continue to grow and septate. To assess the need for cell growth during the helix hand inversion, we have attempted to block growth by using inhibitors such as chloramphenicol and nalidixic acid (Table 5). Under conditions in which chloramphenicol effectively blocks growth, no change in orientation can occur when the temperature threshold has been crossed in either direction. A concentration of nalidixic acid was found at which fibers maintain viability at low temperature. At this concentration a small amount of growth takes place which over the time course of the reported experiments is estimated to amount to no more than a 10% increment in mass. Direct examination of macrofibers was used as a sensitive measure to estimate cell growth. Because of the large size of fibers, increases in length are easy to detect. One doubling in fiber length, for example, is readily apparent. When fibers were shifted from 45°C to nalidixic acid-containing medium at 18°C, the structures became somewhat disorganized but retained their original helix orientation. Strain NilS, apparently more resistant to the concentration of nalidixic acid used, exhibited some change of macrofiber orientation in its presence. The combination of nalidixic acid and high tem- spread among strains capable of producing macrofibers. The latter property accompanies suppression of cell separation generally found in GROWTH mutants with either autolytic enzyme deficiencies or altered cell wall (less susceptible to autolysins) but is also present in presumably wild-type B. subtilis strains provided they are cultured at very low cell densities such as those used in our studies (9) .
In addition to influences on helix hand orientation, divalent ions seem to play an essential role in the packing of macrofibers. At optimal concentrations (10-3 to 10-2 M) they may well id switch. The provide cell surface charge and hydration layers perature switch, required for close cell packing within fibers. eratures in fluid Divalent cation effects on individual cell surface transition, LH organization are also indicated by our results.
at right-handed The manner in which such ions interact with ve is the route peptidoglycan or teichoic acid or both is currentLtures above the ly the subject of experimental and theoretical Id incubated at investigations in our laboratories.
Such fibers reOur observations that macrofiber helix hand later warmed to inversion requires growth suggest that new cell sition and incu-wall with a configuration different from the th results in the existing one must be synthesized. Transfer of macrofibers to conditions suitable for growth in the opposite helix hand orientation eventually results in the slowing down of the rotation of the data are fibers that accompanies growth, followed even-11 wall growth tually by the cessation of rotation and finally by rientation was rotation in the opposite direction. During this grown in TB process the entire macrofiber unravels and growth stops wraps back up again in the opposite helix hand 5 C for periods (5) . The transition period involves a delay which y and resume may reflect the need to accumulate a significant propriate tem-proportion of the cell wall in the new helix hand ng from 45 to before the latter can change its orientation. A ition, fibers of detailed description of the kinetics of this proc--handed orien-ess will appear elsewhere. (See N. H. Mendel-15'C (Fig. 1) DISCUSSION Helical macrofibers of B. subtilis provide a particular system for studying surface geometry at the cellular level as well as intrinsic cell rotation during growth. The above-described ability of macrofibers to change helix handedness introduces new limitations regarding the geometry of cell surface organization.
The data presented in this publication extend previously reported observations (4) on conditions which influence helix hand orientation and show that the latter is determined by at least four interdependent factors: genetic composition, growth medium, divalent ion concentration, and temperature. Our observations suggest that the ability to change helix hand orientation is wide-
